Xeroderma pigmentosum (XP) is an inherited human disease caused by a malfunction in the dimer excision step of DNA repair. The disease is manifested as an extreme sensitivity to UV light resulting in the development of skin cancers and, in some cases, neurological disorders. At least nine complementation groups have been identified, indicating that the disease comprises a variety of mutations at several genetic loci (2, 5) . The genetic basis of the physiological defect of XP has not yet been characterized. Neither genes nor gene products have been identified, and it is not known whether the deficiency is due to mutations in structural or regulatory aspects of DNA repair.
Introduction of isolated DNA into XP cells by standard DNA transfection methods has thus far been unsuccessful in introducing genes that code for UV resistance, presenting a major obstacle to the cloning of genetic information that can complement the deficiency of XP (12, 18) . In contrast, the introduction of human DNA into repair-deficient hamster cells has resulted in the identification of DNA repair loci not represented in the XP complementation groups (4, 16, 21, 22) . We used a method of fusing X-irradiated Chinese hamster ovary (CHO) cells with XP cells so that fragments of CHO chromosomes, which appear to support DNA repair, were transferred into the human cells. This report presents the initial work of establishing stable UV-resistant, repaircompetent hybrid cell lines, which will then be used to clone hamster DNA sequences that correct the repair defect of XP cells.
MATERIALS AND METHODS
Cell lines. Normal human fibroblasts (1508), simian virus 40-transformed normal human fibroblasts (A13-6F and GM637), simian virus 40-transformed XP group A fibroblasts (XP12RO), and Chinese hamster ovary (CHO) cells (AA8)
were grown in Eagle minimal essential medium with 10% fetal calf serum.
Cell fusion. The cell fusion procedure was similar to that described by Cirullo et al. (1) and was adopted because it * Corresponding author. predisposes hybrids to lose hamster chromosomes rather than human chromosomes. CHO cells were exposed to a lethal dose of X rays (50 Gy, 10 Gy/min), mixed with approximately equal numbers of unirradiated simian virus 40-transformed XP fibroblasts, and dispersed into 100-mm dishes. After 5 h at 37°C, cell fusion was mediated by exposure for 30 s to 40% polyethylene glycol 1000 and 10% dimethyl sulfoxide in minimal essential medium, followed by three rinses with 10% dimethyl sulfoxide in minimal essential medium. Complete culture medium was added after the final rinse, and cells were incubated overnight. To select for hybrids that contained functional CHO DNA repair genes and to eliminate unfused XP cells, we irradiated cells with 13 J of UV light per m2 (254 nm, 1.3 J/m2 per s) once a day for 3 consecutive days. At this dosage, XP12RO cell survival is 5 x 10-3, as determined by colony formation. Cultures were incubated for 2 to 3 weeks until colonies developed, and colonies on each plate were pooled to establish primary hybrid cell lines.
Secondary and tertiary hybrids were developed by fusing X-irradiated primary and secondary hybrids to the original XP cells (Fig. 1) . Repeated irradiation and refusion of hybrids to XP cells sequentially reduced the hamster contribution within the hybrid genome to a small amount containing the sequences required for DNA repair. UV-resistant fusion products from the secondary and tertiary fusions were isolated as single colonies to establish genetically homogeneous cell lines. Before each transfer into fresh medium, exposure of hybrid cells to 2.6 J of UV light per m2 (254 nm, 1.3 J/m2 per s) was used as selection pressure for maintaining UV resistance (DNA repair capability).
Two sets of controls were designed: X-irradiated XP cells fused to unirradiated XP cells and screened for UV resistance as described above (these cell lines were designated X/X) and unfused XP The dot blot analysis was also done with 32P-labeled total genomic CHO DNA as the probe. Hybridized filters were exposed to Kodak XAR-2 X-ray film at -70°C with intensifying screens. The autoradiographs were analyzed with a video-densitometer (model 620; Bio-Rad Laboratories) to determine the relative degree of hybridization between different cell lines. The individual sample dots were cut apart, and the radioactivity of each was measured by liquid scintillation spectrometry.
Southern blot. Samples (10 ,ug) of EcoRI-digested DNA from XP, CHO, and two tertiary hybrid cell lines (4A and BF) were run on 0.5% agarose gels (25 V, overnight). The DNA was transferred to nitrocellulose filters (14, 19) . The filters were hybridized with 32P-labeled CHO Alu-equivalent DNA sequences that were cloned from lambda Charon 16A bacteriophage (Chl6A-CHOG-49) obtained from W. R. Jelinek. The Ali-equivalent sequences are a family of repeated DNA analogous to the Alii sequences of the human genome (8) . Four CHO Aliu-equivalent sequences are included in a 3.3-kilobase pair fragment that was isolated from the phage DNA by EcoRI digestion, gel electrophoresis, and subsequent electroelution of the desired DNA from the gel. The hybridization conditions for the Southern blot were identical to those described above for the dot blot analysis, except that the third set of rinses in 0.1x SSC plus 0.2% sodium dodecyl sulfate was done at 65°C. The hybridized filters were exposed to Kodak XAR-2 X-ray film at -70°C.
RESULTS
Cell lines. A total of 8 primary, 16 secondary, and 33 tertiary hybrid cell lines were initially recovered. Only two cell lines (X/X1 and X/X2) were retrieved from the fusion of XP to XP cells, and these showed very little difference from the original XP cells. In the second control group, XP cultures did not survive repeated exposure to the UV doses used on hybrid cell lines.
Cell survival. Both methods used for measuring cell survival indicated that secondary and tertiary hybrid cells had survival characteristics similar to those of CHO and normal human cells and were considerably more resistant than XP cells (Fig. 2) . Several recovered hybrid cell lines that were as UV sensitive as XP presumably resulted from the fusion of XP cells with each other and were discarded. Control cell lines produced by fusion of irradiated to unirradiated XP cells also showed extreme sensitivity to UV, similar to the response of the original repair-deficient cell line. Repair capability. In initial isopycnic gradients, 3H peaks at heavy density corresponding to the incorporation of [3H]dThd plus BrdUrd by semiconservative replication were observed in all cell types, and variable amounts of 3H were observed at normal density. To obtain accurate measures of repair replication, we collected and centrifuged normaldensity regions in a second isopycnic gradient. The distribution of 3H radioactivity in the second gradient indicated high levels of repair in the hybrid cells (Fig. 3 and 4) . The incorporation of 3H to produce normal-density DNA under these conditions represents incorporation into repair patches formed by excision and replacement of dimers produced by UV exposure. This pattern of repair replication was present in CHO, normal human cells, and hybrid cells but absent in XP cells and the X/X controls, in which no clear peak of 3H could be discerned (Fig. 3 and 4) . Ratios of incorporated 3H (labeled nucleotides used in repair patches) to capable of repair at a level equal to or slightly greater than that of CHO cells (Fig. 4) .
DNA dot blot hybridization. Hybridization with the 3H-labeled probe of total genomic CHO DNA indicated that the hybrid cell lines had slightly higher homology with CHO DNA than did XP or the X/X control (Fig. 5) . A small decrease in homology was evident from primary to secondary to tertiary clones. These data indicate that the amount of CHO DNA within the hybrid cell lines was reduced with each successive refusion so that tertiary hybrids contained the lowest amount of CHO DNA while still maintaining DNA repair capability.
The autoradiographs, densitometer data, and radioactive measurements of the individual dots from the 32P-labeled CHO DNA probe confirmed that the hybrid cells had higher homology with CHO DNA than did XP cells (Fig. 6) .
Southern blots. Autoradiographs of the Southern blots obtained by using -P-labeled CHO Alu-equivalent sequences also showed that there was greater homology between the hybrid genomes and CHO than between XP and CHO, but no discrete bands were observed. The A simple calculation of expected revertant frequencies also indicates that reversion is unlikely to explain our results. To a first approximation, reversion can occur by point mutation at frequencies similar to those observed, for example, for mutation to diphtheria toxin resistance (6, 15) . In our study, if reversion had occurred by point mutation as a result of the first dose of UV light used during selection, then this dose of 1.3 J/m2 would be expected to leave a surviving fraction of 5 x 10-3 and to produce a point mutation frequency in XP cells of 20 in 106 survivors. Our starting cultures contained approximately 5 x 106 cells, and therefore a dose of 1.3 J/m2 would produce 5 x 106 x 5 x 10-3 x 20 x 10-6 point mutations per gene. Assuming 100% plating efficiency, the number of revertants per dish expected from this calculation would be 0.5, whereas we obtained about 10 colonies per dish. This calculation actually overstates the revertant frequency, because point mutations would not be expressed for at least 7 days after irradiation (6) . Therefore, the three successive doses of 1.3 J/m2 can be treated as equivalent to a single dose of 3.9 J/m2, producing a surviving fraction of 1.25 x 10-7 and a point mutation frequency of 60 x 10-6 per survivor. From a starting population of 5 x 106 cells, the expected number of revertants from this dose would be 5 x 106 x 1.25 x 10-7 x 60 x 10-6. This estimate of revertant frequencies predicts a yield of about 3.75 x 10-5 revertants per dish. In parallel experiments, weekly doses of 3 J/m2 to XP cells (for a total of 60 J/m2) yielded revertants with a wild-type phenotype only if the cultures had been mutagenized with high concentrations of ethyl methanesulfonate (1 to 4 mM) (Cleaver, unpublished observations).
Additional evidence that cell fusion can result in gene transfer comes from experiments in which hybrids were made between X-irradiated and unirradiated CHO cells containing selectable gene markers. These experiments indicated that the gene for dihydrofolate reductase could be stably rescued from the X-irradiated partner in approximately 3% of the hybrid cells (P. Hahn, personal communication).
In previous studies, chromosomal analyses of XP and repair-competent rodent cell hybrids have identified specific mouse (13) and hamster (7) chromosomes that carry the genetic information necessary to complement the repair deficiency in human cells. Human chromosomes (9, 21) and specific human DNA sequences (16, 17, 22) (20) .
We have not yet identified the precise location of the CHO DNA in our hybrid cell lines. Giemsa-11 staining and in situ hybridization, two methods of distinguishing rodent DNA from human chromatin, were unsuccessful when applied to the hybrid cells. The in situ hybridizations showed some indication of the presence of CHO DNA, but clear identification was not possible. We believe that the hybrid cells contain a small percentage of CHO DNA that may be widely dispersed and therefore not visible at the microscopic level. The results of the Southern blot analysis support the conclusion that the hybrids contain a variety of CHO DNA sequences. The lack of a more specific probe compounds the difficulty of locating the specific DNA sequence that complements the DNA repair defect of XP.
Our hybrid cell lines represent the first successful attempt to complement a repair defect in human cells with subchromosomal pieces of DNA. We do not know whether the contribution from CHO DNA is in the form of a functional gene or a regulatory component because we do not yet have positive evidence for the location or products of CHO DNA in our hybrids. Since the repair deficiency of XP group A can be corrected by microinjection of poly(A+) mRNA (11), we suspect that a CHO-specific message is present in our hybrids. Current experiments are aimed at identifying and isolating CHO DNA sequences that have been incorporated in the hybrid genomes. We are also attempting to recover CHO-specific gene products through the application of two-dimensional gel analysis of total cell protein.
Stable incorporation of CHO DNA into human repairdeficient cells is a major step toward identifying and cloning genes involved in the process of DNA repair in human cells and identifying the physiological defect of XP. This method should also be applicable to other complex disorders such as ataxia-telangiectasia and Fanconi's anemia, for which direct cloning by transfection with genomic DNA has not been successful but for which selection systems are available.
